Norovirus-like particles were imaged using atomic force microscopy. The mechanical stability of the virus-like particles (VLPs) was probed by nanoindentation at pH values ranging from 2 to10. This range includes pH values of the natural environment during the life cycle of noroviruses. The resistance of VLPs to indentation was constant at acidic and neutral pH. The Young's modulus was of the order of 30 MPa. At basic pH the compliance of the capsid increased along with an increase in diameter. This specific pH-dependent mechanical response of the capsid may be related to mechanisms controlling uptake and release of the RNA during infection. Consecutive indentations with pressures ¡300 bar demonstrated the ability of the capsids to fully recover from deformations comparable with the size of the capsid. The capsids can be viewed as nanocontainers with an inbuilt self-repair mechanism. At pH 10 the capsids lost their stability and were irreversibly destroyed after one single indentation.
INTRODUCTION
Noroviruses (genus Norovirus, family Caliciviridae) are important human pathogens. They constitute the main cause of non-bacterial acute gastroenteritis worldwide, causing outbreaks in cruise ships, hospitals, military settlements and communities in general where the hygiene conditions of water and food supplies have been compromised (Chakravarty et al., 2005; Donaldson et al., 2008; White et al., 1996) . Norovirus (NV) is a non-enveloped ssRNA virus with a small icosahedral capsid with triangulation number T53, which has been morphologically, immunologically and biochemically characterized in the last two decades because of its persistence in the human population (Bertolotti-Ciarlet et al., 2002; Chen et al., 2004; Goodridge et al., 2004; Hardy, 2005; Prasad et al., 1994a; White et al., 1997) . The structure of NV has been revealed by cryomicroscopy and computer imaging processing techniques to a resolution of 22 Å (Prasad et al., 1994b) . X-ray crystallography provided a resolution of up to 3.4 Å (Prasad et al., 1999) . The NV capsid is composed of 180 proteins organized into 90 arch-like dimers with a capsid-wall thickness of about 9 nm. The capsid wall itself consists of an inner smooth shell and an outwardly protruding 4.5 nm thick domain. The capsid shows prominent invaginations at all icosahedral five-and threefold axes (Prasad et al., 1994b) .
The capsid proteins from some caliciviruses can be expressed in insect cells infected with recombinant baculoviruses. The NV capsomers self-assemble into empty viruslike particles (VLPs) that are morphologically similar to the infective virus (White et al., 1997) . The VLPs can be purified to high concentrations (Taube et al., 2005) . VLPs can be used as a model to study vaccination, vector delivery and protein assembly under safe conditions (Garcea & Gissmann, 2004; Pattenden et al., 2005; Singh et al., 2006) . Recently, increasing interest in biological nanomaterials has led to the application of atomic force microscopy (AFM) to study the mechanical properties of viruses and VLPs (Carrasco et al., 2006; Ivanovska et al., 2004; Kol et al., 2006; Michel et al., 2006) . AFM allows probing of the mechanical response of soft matter by the application of very small forces (10 pN-100 nN). These nanoindentations are made with an extremely sharp tip attached at the end of a flexible cantilever with position accuracy below 1 nm (Kasas & Dietler, 2008) . A scheme of the experiment is shown in Fig. 1 . During a nanoindentation, the distance between tip and sample is controlled by application of a voltage to a piezo-electric crystal ('piezo'), which expands or contracts in a defined way. During contact with the sample, a laser diode directed to the back of the cantilever is reflected to a four-segmented position sensor to record the vertical movements exerted by the cantilever. In such a way the mechanical resistance of the capsid to deformation by externally applied forces can be monitored by the measurement of the cantilever deflection as a function of the piezo extension. In this way investigation of the mechanical response of nanoassemblies under different environmental conditions becomes possible. Studies of viral capsids have provided the first steps towards not only understanding the mechanical behaviour of viral capsids but also towards establishing a bridge between material properties and biological function (Carrasco et al., 2008; Ivanovska et al., 2007; Kol et al., 2007; Liashkovich et al., 2008; Roos et al., 2007; ).
It is known that VLPs of NV dissociate into soluble capsid protein under alkaline pH conditions and reassemble into particles after dialysis back to neutral pH (Jiang et al., 1992) . NV must withstand drastic changes in environmental conditions during the cycle of infection, starting with pH 7 in the upper gastrointestinal tract, then being exposed to the highly acidic conditions in the stomach and finally reaching slightly alkaline conditions in the small intestine where the virus reproduces itself in epithelial cells. We were therefore interested to learn more about the mechanical strength of the protective virus capsid as a function of pH because this may play a role in virus entry and RNA release. It can be expected that the non-covalent interactions of the capsomers are influenced by pH since it has been proposed that basic parts of the protein chains are involved in capsomer interaction (Bertolotti-Ciarlet et al., 2003) . Destabilization of the capsid may be an important step for the release of the viral genome.
In this study VLPs of human NV expressed from a recombinant baculovirus construct including the NV ORF2 (capsid gene, VP1), ORF3 (encoding a minor structural protein, VP2) and the 39-UTR were used. Single VLPs were indented by applying an external load via the AFM tip over a wide range of pH values (pH 2-10). The stiffness of the capsid was determined from experimental force versus separation curves. Imaging revealed subtle changes in the capsid size as a function of pH. The indentation of 'empty' VLPs has the advantage that the mechanical properties of the shells can be assessed directly, which would be very difficult if they were filled with closely packed nucleic acids. The disadvantage is that interaction of the capsid with the enclosed RNA may contribute to the mechanical stability of the capsid itself and thus experiments conducted on VLPs may not be fully representative of the properties of the virus itself.
RESULTS AND DISCUSSION

Indentation and imaging
AFM experiments require the VLPs to be stably attached to a mica support. No special protocol was necessary to immobilize the VLPs to the mica surface. The adhesion forces were sufficiently strong to prevent displacement during imaging or indentation. Images were obtained in wide scan fields of 3-5 mm using tapping or contact modes. It was found that contact mode was superior to tapping mode in terms of the resolution achieved. The shape of the particles did not change noticeably as a function of pH in the range pH 2-10. However, the number of particles recorded at pH 8 and 10 was slightly lower than that observed at acidic and neutral pH. This may be caused by decreased stability of the VLPs at basic pH. VLPs could have been removed from the mica support by the rinsing step performed before their analysis at pH 8 and 10. This decreased resistance to shear forces under alkaline conditions is supported by the observation that the VLPs at pH 10 can be scratched easily and do not withstand repeated imaging. Details about the pH dependence of particle size are provided below.
In contact mode AFM, the tip touches the sample during scanning causing a small compression of soft samples. In addition, the tip exerts shear forces on the particle while imaging. This has to be taken into account when the dimensions of the particles obtained from AFM images are compared with those obtained by other techniques. Furthermore, adhesion to the mica support can induce an additional reduction in height because partial spreading of the VLPs may occur. Another important factor is that, upon contact between tip and surface, convolution causes small objects to appear much wider than they actually are. Regardless of the limitations in accuracy and the limitations of AFM measurements just discussed, the obtained particle height represents a useful parameter, but this is, as a rule, smaller than the real height. It was found that there were populations of particles differing in height. Most of the particles had a height of the order of 30 nm. Smaller and larger particles of about 20 and 90 nm were also observed. These particles may represent different triangulation numbers, i.e. T51 for the smaller particles. The disassembly and self-assembly of VLPs into differently sized particles and structures have already been reported (Bancroft et al., 1967; Lavelle et al., 2009) . For instance, White et al., (1997) found that VLPs can reassemble into smaller particles of about 23 nm in diameter (T51). They showed that the antigenic and biochemical properties of these particles were conserved. However, the infectivity of viruses with aberrant triangulation numbers may be lost. The assembly of capsomers into capsids with larger T numbers has been also reported (Mannige & Brooks, 2009 ).
Force measurements and stability
To obtain the mechanical strength of VLPs, cyclic indentation-retraction experiments were conducted. Single VLPs were indented, to a load of ¡6 nN, immediately followed by retraction of the tip. Details of the rate of indentation and the duration of a complete cycle are provided in Methods. Before probing a particular particle, a control approach-retraction experiment was run next to the particle at the solid mica support. This experiment was taken as the reference. Afterwards the tip was positioned centrally above a particular VLP that was identified by preceding imaging. In force versus separation curves a vertical line is expected when the tip is pressed against a hard surface. This is the case for the curve (a) in Fig. 3 , which shows the control experiment. After gradually increasing repulsion at very short range the force curve rises steeply, approaching a vertical line. When the VLPs were probed at pH values ranging from 2 to 8.5 the typically observed force-separation curves could be classified into three different indentation scenarios, represented by the curves shown in Fig. 3(b-d) . In approximately 65 % of all curves we found a linear response of the VLPs up to loads of a few nanonewtons (Fig. 3b) . In 17 % of all analysed cases the compliance increased at higher loads after an initial linear force response (Fig. 3c ). The initial slope was, however, of the same order as that in curve (b). Of the analysed force-separation curves 18 % showed a sharper drop in force than in curve (c) (Fig. 3d) . The initial slope was in a range similar to curve (b). It is quite remarkable that the linear response persisted even for very large deformations, of the order of the dimensions of the particles themselves, ranging in most cases over the entire accessible range of compression. For example, in Fig. 3(b) , compression stops at a force of about 4 nN. We believe that in this case the capsid has been completely flattened, at least in the region directly underneath the tip. Considering the small tip radius of about 10 nm, a force of 4 nN creates a pressure of ¢100 bar.
The maximum load of 6 nN corresponds to maximum pressures close to 200 bar. Because of this large applied pressure it is conceivable that partial displacements or failures of the capsid may occur. This is, we believe, the reason why curves (c) and (d) deviate from the linear slope or show sudden drops in force under compression. It was recently shown that viral capsids with a triangulation number of T,7 cannot undergo buckling as a result of geometrical constraints. Since the VLPs belong to the T53 class of capsids the observed decreased compliance at higher loads or the sudden drops in force must be caused either by conformational changes of the capsomers, maybe partial denaturation, or by breaking capsomer-capsomer interactions (Ausar et al., 2006) . However, at pH 10 the indentation behaviour was remarkably different. While a force in the range 1.5-5 nN was required to entirely compress VLPs in the range pH 2-8.5, forces ,500 pN were sufficient to reach the hard surface at pH 10. This pronounced decrease in particle rigidity was accompanied by a decrease in the slope, indicating a significant increase of the compliance of the VLPs at pH 10.
An inspection of the retraction curves (dashed lines in Fig. 3 ) revealed, almost always, a single well-defined detachment point at approximately the same distance as the point of first contact in the approach curve. The detachment typically required a tensile force of the order of 0.1-1 nN. The approach-retraction cycle is associated with a large hysteresis. Immediately after the retraction started, the forces dropped to negative values indicating that there was some adhesion of the tip to the capsid surface, and that the rate of relaxation of the capsid to its original shape was smaller than the rate of retraction of the tip.
It must be kept in mind that the deformation of the capsid and the displacement of the capsomers are both large compared to their dimensions. For this reason, strictly speaking, the framework of continuum mechanics can only be applied with caution. Therefore, although the response in Fig. 3(b) is linear over the entire range, elasticity in the sense of Hooke's law may not be the only explanation. It may also be that during approach of the AFM tip the work performed by the external forces is gradually converted into conformational change of the capsomers or into breakage of intermolecular bonds, rather than being stored as elastic energy in terms of stress. When the external force is relaxed the inbuilt self-assembly features of the capsomers will gradually restore the original shape. This view is conceptually different from the behaviour of elastic bodies where, after the external load has been removed, the relaxation of the intrinsic stress restores the original shape.
The reversible behaviour of the VLPs within the range pH 2-8.5 was demonstrated by repeated indentation. Of the probed VLPs 80 % showed a reproducible linear force response, as shown in Fig. 4(a) , over up to eight consecutive indentation-retraction cycles. Fig. 4(b) illustrates the typical behaviour when a failure occurred. After some repeated loading-unloading cycles sudden drops in force appeared as indicated in the zoomed section circled in Fig. 4(b) . Even when a drop in force occurred, which is equivalent to a sudden jump inwards by the tip into the VLP, this did not necessarily affect the initial slope of the subsequent force curves. This can be clearly appreciated in Fig. 4(b) where multiple fracture events emerge following repeated compressions; nevertheless the slopes seem to be unaffected.
From the point of view of the materials this result is interesting because a major mechanical failure did not interfere with the recovery of the capsid after the load was removed. This obvious self-healing is brought about by the inherent self-assembly features of the capsid. As a rule, an irreversible failure (trace 6 in Fig. 4b ) of the capsid occurred for the majority of VLPs after .10 consecutive indentations had been performed.
Topology and compliance of VLPs as a function of pH
As mentioned above, it is difficult to obtain true data for the width as well as for the shape of the VLPs from imaging. Convolution leads to overestimation of the width and makes measurements of shape below the equator impossible. Therefore, we focused on measurements of the height of the VLPs as a measure for changes in particle topology as a function of pH. The height of the VLPs can be obtained in two different ways. The height can by found by imaging (H m ) as demonstrated in Fig. 2(b, c) . Alternatively, an estimation of the size of the particle can be obtained from the height in contact (H c ), which is the distance between the point of contact of the tip with the particle and the vertical line at final compression. Both methods of measuring particle height have advantages and disadvantages. H m is smaller than the real height because imaging requires some force to be applied, which may lead to indentation of soft particles. H c , on the other hand, does not include the vertical extent of particle material located underneath the tip at final compression. This must be taken into account when discussing height data. All of these histograms deviate from Gaussian distributions. They display extended tails towards higher values. For non-symmetrical distributions the arithmetic mean may not be the best value to characterize the average of the distributed parameters since the tail may have too much weight. Therefore we have chosen the median as a measure of the average of the respective distributions. Table 1 displays the medians for H c , H m , VLP width (W ) and spring constant (K ). The latter were calculated from the slope in the linear region of the force-separation curve for at least 50 particles. All parameters have been recorded as a function of pH. The capsid heights fall in a range consistent with the capsid diameter of 38 nm, which was found by X-ray diffraction (Prasad et al., 1999) .
There is a trend whereby both H c and H m increase with pH. For both methods of measuring particle heights the lowest values were recorded at pH 2, while the largest values were measured at pH 10. The only exception was at pH 4, where both H c and H m were comparatively large. The increase of particle size with pH is shown in Fig. 6(a) which shows H c as a function of pH. The dashed linearregression line illustrates the trend for size to increase with pH quantitatively. This increase in size with increasing pH may be the result of gradual conformational changes of the capsomers with pH leading to an isotropic expansion of the capsid. However, it must be taken into account that the interaction with the support may induce spreading and thus may lead to a reduction in the measured capsid diameters. Interaction with the support itself depends on the molecular properties and charge of both the mica support and the capsid. Consequently these interactions may be pH dependent in a different way from capsid expansion. This may explain the observed scatter in measured height as a function of pH.
The mean value for the spring constant did not change within the error of the measurements between pH 2 and 7. However, at pH values .7 the spring constant decreased considerably. The spring constant at pH 10 was about fivefold smaller than the maximum of 0.06 N m 21 at pH 5.5. The decrease of the spring constant at basic pH indicates a weakening of capsid stability. It is remarkable that even at pH 10 NV capsids could still be found adhered to the mica supports, although they were rather weak and broke down irreversibly after one indentation had been performed.
Our result agrees with other findings that NV capsids may disassemble at basic pH (Ausar et al., 2006) . It has been found that the basic protein VP2 plays a significant role in stabilizing the VLPs (Bertolotti-Ciarlet et al., 2003) . According to Prasad et al. (1999) the interaction of the P domains (protruding domains) is involved in forming the dimeric contacts, whereas the interaction of the S domains (shell domains) is essential for forming the icosahedral contacts. At basic pH, deprotonation of VP2 may lead to a decrease in capsid stability. This has led to the conclusion that basic amino acid residues may play an important role in stabilizing capsomer-capsomer interactions (Tan et al., 2004) . It would be interesting to identify sites responsible for capsid stability sensitive to pH in the range pH 8-10. Lysine is a likely candidate since its pK a falls, just, into this region. The interaction with negatively charged amino acid residues, such as aspartic or glutamic acid may be switched on and off depending on the external pH. Analysing the crystallographic structure (Prasad et al., 1999) of VLPs as provided by the virus database at http://viperdb.scripps. edu revealed that in the contact region between the S domains of the B and C chains lysine-122 of the B chain is rather close to aspartic acid-151 of the same chain and to aspartic acid-156 of the C chain. The distances between the charged groups are 0.35 and 0.95 nm, respectively. The distance between the carboxyl groups of the two aspartic acids was 1.07 nm. Deprotonating the lysine by increasing pH might thus induce repulsion of the negative charges of the aspartic acids leading to conformational changes and, maybe, to destabilization of the capsid, thus offering an explanation for the observed softening of the capsid. There is also an aspartic acid-lysine interaction site in the P2 domain. The amino group of lysine-391 is only 3.6 nm away from the carboxyl group of aspartic acid-388. This site may be important for the possible pH dependence of dimer formation, since deprotonating the lysine at high pH may change the conformation. It may also influence the conformation of the protrusions at basic pH.
The range of pH values selected for our experiments covers the physiological range of pH values experienced by an NV along its pathway leading to infection. Following being taken up at neutral pH the virus must resist the extremely acidic conditions in the stomach. In the slightly alkaline environment of the ileum it has to bind to a receptor, enter the cell and release the viral RNA. It is quite remarkable that the mechanical stability of the capsid shell, as a function of pH, correlates with this natural course of pH changes experienced during the infection cycle. The mechanical resistance of the capsid did not change up to neutral pH, but decreased at basic pH. This decrease in capsid rigidity under basic conditions may be related to uptake and/or the subsequent release of the RNA. This may be a coincidence, but nevertheless this is, to the best of our knowledge, the first time that the mechanical properties of viral capsids have been related to their infective properties. We believe that this observation deserves further study. A better understanding of the principles of capsid stabilization and destabilization may contribute to the development of new and more specific treatments as well as to the use of NV capsids in nanotechnological applications (Donath, 2009; Fischlechner & Donath, 2007) .
NV capsid mechanics
So far, the mechanical properties of little more than a handful of empty viral capsids have been investigated. A central parameter to be considered in the characterization and design of materials is Young's modulus (E) which measures the stiffness of a material within its elastic limit. Young's modulus is the ratio of linear stress to linear strain. For thin shells with a shell thickness (D), which is much smaller than the radius of the shell (R), i.e. D,,R, the indentation force (F) versus distance (j) relationship can be calculated by minimizing the deformation energy which is the sum of bending and stretching energy (Landau & Lifshitz, 1986 ).
According to thin shell theory the applied force (F), being linear with the indentation (j), becomes:
Here a is a proportionality factor that we assume to be equal to 0.8, following a related study of the mechanics of viral capsids (Gibbons & Klug, 2007) . Inserting the experimental force-distance curve and taking D59 nm and R519 nm, E530 MPa for NV VLPs at pH 4. This value falls into the range of soft rubber-like materials, for which E,100 MPa. Another important parameter for thin elastic shells is the dimensionless Föppl von Kármán number (FvK). It characterizes the ratio between stretching and bending energies, and is defined as:
Where Y 2D is the 2D Young's modulus and K B is the bending modulus (Klug et al., 2006) . Since both Y 2D and K B can be related to the universal Young's modulus the FvK number, (c), depends only on the geometric parameters of the capsid (Gibbons & Klug, 2007) :
Assuming a Poisson ratio v50.35, and that D59 nm and R59 nm, c577. Lidmar et al. (2003) have shown that the shape of a closed shell is determined by the FvK number in such a way that, below a critical value (c5154), called the buckling threshold, the shape of the shell should be nearly spherical. Above this value the sphericity is lost and the shell should acquire a more faceted shape. The value obtained here is below the buckling threshold and therefore NV VLPs should have a spherical shape, which is consistent with the images.
Conclusions
The major finding of this study is that NV capsid stability is a function of pH. At basic pH the capsid gradually became softer along with an increase in size. These changes in the mechanical properties of the capsid shells can be attributed to an underlying weakening of the capsomer-capsomer interaction and to related conformational changes of the capsomers. It is highly tempting to relate this weakening of the capsid with increasing pH to the biological function of the capsid itself. The capsid should withstand the highly acidic pH in the stomach but become infective in the weakly basic conditions within the ileum. This induction of infectiousness at basic pH may be related to conformational changes in the capsomers, which have been picked up by our indentation experiments as an increase in capsid compliance. Also, it cannot be excluded that the observed capsid weakening has a direct relationship to virus entry and RNA release. In any case, this correlation between mechanical properties and biological function is highly interesting and demands further study. Besides this possible relationship to the NV infection mechanism, which is at present largely unknown, our studies shed some light on the unique properties of virus capsids. These are essentially nanocontainers with an inbuilt repair mechanism provided by their inherent capacity for self-assembly. It was shown that the capsids were able to withstand large consecutive deformations exerted by the AFM tip. This has recently been probed for other viral systems (Arkhipov et al., 2009) . These findings contribute to our understanding of viral capsids as nanomaterials and may facilitate their potential use in nanotechnology.
METHODS
NV-like particle preparation. NV-baculovirus recombinants were generated by cloning the entire ORF1, ORF2 and 39-UTR into BaculoDirect C-Term Linear DNA (Invitrogen) according to the method described by Mourez et al. (2007) . Briefly, a 2.6 kb long fragment of an NV-genogroup II.7-positive sample from an infected patient was amplified by RT/nested-PCR. The amplification product was cloned into a Gateway pENTRE 1A entry vector (Invitrogen), and the recombination reaction was performed using Gateway LR Clonase II enzyme mix (Invitrogen), according to the manufacturer's instructions. After transfection of Sf 9 insect cells a high-titre viral stock was prepared. For expression of NV-like particles, High Five insect cells (Invitrogen) in suspension culture were infected at an m.o.i. of 5-10 using the high-titre viral stock. The VLPs were harvested 7 days post-infection from the culture medium and purified by isopycnic CsCl-gradient centrifugation as described by White et al. (1997) . Protein concentrations were determined by spectrophotometry, measuring A 280 and using BSA as a reference.
Sample preparation. An STE (100 mM NaCl, 10 mM Tris/HCl and 1 mM EDTA, pH 8.0) buffer was used for all of the experiments. The pH values employed, 2.0, 4.0, 5.5, 7.5, 8.5 and 10, were produced by addition of HCl or NaOH. The extreme pH values are sufficiently stable even though they fall outside the buffering range of Tris. Mica (25625 mm; Plano GmbH) was chosen as the substrate because it is atomically flat and requires mild preparation. Cleaved mica slides were glued to glass slides with adhesive tape before use.
A 5-10 ml droplet of the VLP stock (1.4 mg protein ml 21 ) was directly deposited onto the mica surface and incubated for 20 min with 50 ml STE buffer solution (pH 4). After 20 min it was repeatedly rinsed with fresh buffer to remove any unattached particles. The sample was never allowed to dry and was always maintained under an STE buffer solution at the desired pH. When measurements were conducted at another pH, the VLPs were first incubated and imaged at pH 4.0, and only then was the sample rinsed five times and incubated with buffer of the desired pH.
AFM. A Molecular Force Probe 3D instrument (Asylum Research) combined with an inverted optical microscope (Olympus IX 71, 406) was used for imaging and force measurements. V-shaped silicon nitride cantilevers (MSCT-AUHW; Veeco Instruments) with a mean spring constant of 0.01 N m 21 and a pyramidal tip with a radius of ,20 nm were chosen to reduce shear forces on the particles during imaging. The thermal noise method was employed to determine the spring constant of the cantilever before each experiment (Sader et al., 1999) .
Imaging and force measurements. Normal forces in the range of 10-30 pN were applied for imaging areas of about 5-3 mm at scanning rates of 0.6 Hz (7.5-4.5 mm s 21 ). In this way, damage to the particle by the tip was minimized. When still-smaller forces were used, loss of contact between tip and sample prevented successful imaging. The measurement of the diameter of the VLPs was obtained from the cross-sectional profiles as being the width at half the maximum height.
For the indentation measurements, a maximum loading force of 6 nN together with a tip approach velocity of 300 nm s 21 was applied for each indentation. The position of the tip with respect to the sample surface, called the separation, was calculated from the piezo position and deflection. A force-separation curve was obtained by subtracting the deflection of the cantilever from the piezo position.
Spring-constant calculations. The compression of the VLP by the tip can be represented as two springs connected in series represented by the capsid and the flexible cantilever. The slope of the forcedistance curve contains the combined force responses of the cantilever and the capsid giving the effective spring constant (K Eff ). K Eff was calculated from the linear region of the force-distance curves by fitting a linear function (Igor Pro 5.03; Wavemetrics) to a selected region. A force of 200-400 pN was chosen as the upper limit for the fitting range. The intrinsic capsid spring constant is related to that of the cantilever by K Capsid 5K Cantilever (K Eff /K Cantilever 2K Eff ).
